Abstract. We investigated the influence of deep levels on the electrical transport properties of CdZnTeSe radiation detectors by comparing experimental data with numerical simulations based on simultaneous solution of drift-diffusion and Posisson equations, including the Shockley-Read-Hall model of the carrier trapping. We determined the Schottky barrier height and the Fermi level position from I-V measurements. We measured the time evolution of the electric field and the electrical current after application of a voltage bias. We observed that the electrical properties of CZTS are fundamentally governed by two deep levels close to the mid-bandgap -one recombination and one hole trap. We show that the hole trap indirectly increases the mobility-lifetime product of electrons. We conclude that the structure of deep levels in CZTS are favorable for high electrical charge transport.
Introduction
CdZnTeSe (CZTS) has been a focus of research interest as a material for hard Xray and gamma-ray room temperature semiconductor detectors [1, 2, 3] . So far,
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Influence of deep levels on the electrical transport properties of CdZnTeSe detectors 2 the semiconductor material of choice is CdZnTe (CZT) with 10-15% of Zn content [4, 5, 6, 7] . It was demonstrated that the addition of Se to the CZT matrix results in effective lattice hardening and a reduction of Te inclusions and dislocations, which did not form a cellular structure like CZT [8, 9] . Apparently, it is a consequence of a decrease in the lattice constant by 0.41Å/mol [8] .
It was also observed that CZTS crystals exhibit better crystallinity than CZT, which can lead to a larger yield of high-quality material with comparable electrical and spectroscopic properties as CdTe and CZT materials [9] .
The electrical charge transport in semiconductor detectors is affected by the material properties, such as deep levels and metal-semiconductor interfaces. The deep levels can act as trapping centers or recombination centers [10, 11] . These are formed by the presence of defects, such as sub-grain boundaries, Te inclusions/precipitates, impurities and compositional inhomogeneity [12, 13] .
In the current study we investigated the deep levels that influence the time and temperature dependence of the electrical current, carrier trapping and recombination of photo-generated charge. We applied measurements of I-V characteristics and electro-optic Pockels effect in this work. We also simulated the results using driftdiffusion and Poisson equations, including the influence of the Shockley-Read-Hall model.
Experimental
We investigated a CZTS sample with 4% Se and 10% Zn fabricated by the travelling heat method (THM). We chose a sample with a moderate µτ product for electrons (≈ 1 × 10 −3 cm 2 /Vs) in order to understand how deep levels influence its electrontransport properties and may limit the detector performance. this way a decrease of the dark current can be achieved independent of the position of the Fermi level, which is located close to mid-bandgap for this high-resistivity material.
The gold contact was equipped with a guard ring to separate the bulk and surface leakage currents during the electrical measurements.
The I-V characteristics were measured at 300 K. A Keithley 2410 sourcemeter was used to bias the sample, and a Keithley 6514 electrometer was used to measure the bulk current on a serial 1 MΩ resistor. The sample resistivity was evaluated from the I-V curve around zero voltage, and the Schottky barrier height was determined from the I-V characteristics at high applied voltages.
We evaluated the time evolution of the electric field and the electrical current after application of a voltage bias at temperatures of 290 K, 300 K and 310 K. The electro- 
I-V measurements
The I-V measurement of bulk current in the range from −800 V up to +800 V at 300 K is shown in figure 2(a) . We evaluated the sample resistivity = 1.1 × 10
10 Ωcm from the I-V curve between −1 and +1 V using Ohm's law (figure 2(b)). The Fermi level E F is connected to resistivity by the equation:
where µ e and µ h are the electron and hole mobility, respectively. N c,v is the effective density of states for electrons (holes) in the conduction (valence) band, k is the Boltzmann constant, T is the absolute temperature and E G is the bandgap energy (E G = 1.52 eV [17] ). The general carrier mobilities for electrons µ e ≈ 1100 cm
and for holes µ h ≈ 80 cm 2 V −1 s −1 were used [18, 19] . We observed from thermoelectric power measurements a slight n-type conductivity for sample. Therefore, we assume that the calculated Fermi level is related to the conduction band minimum at The I-V curve at high voltage due to the Schottky barrier height φ B and Schottky barrier lowering ∆φ B is given by the equation [20] 
where A is the Richardson constant. The Schottky barrier lowering in the simplest form is ∆φ B = e 
Dynamics of the electric field and current plus simulations
We also measured the time evolution of the electrical current after application of a bias, together with measurements of the internal electric field at 290 K, 300 K and 310 K using the electro-optic Pockels effect. The measured data of the bulk electrical current and electric field under the cathode are shown in figure 3 (solid lines).
The electrical current strongly decreases within approximately the first two seconds. Then, it starts to increase over time. The electric field under the cathode has an opposite course (it inceases within the first two seconds, and then it starts to decrease).
We simulated the temporal evolution of the electric field and the electrical current using the solution of the drift-diffusion and Poisson equations including the ShockleyRead-Hall model [21, 22] . The simulated data are depicted in figure 3 (dashed lines).
The parameters used for the simulation are listed in Table 1 . We were able to fix a number of parameters from experimental data, and in this way we increased the reliability of the simulations. The Schottky barrier heights at the In/CZTS and Au/CZTS interfaces were set from the evaluation of the I-V characteristics ( figure   2 ). The band-gap energy was set from the results of ellipsometry measurements [17] . The Fermi level position was calculated according to Eq. (1). The energies of the deep levels were set based on results of the evaluation of temperature and time evolution of the electrical field by Pockels effect studied in detail in our article [17] . The capture cross-sections of deep levels were used as fitting parameters. We applied the experimentally determined values of electron capture cross-section of level E 1 and hole capture cross-section of level E 2 as initial values for fitting. The resulting Influence of deep levels on the electrical transport properties of CdZnTeSe detectors 6 Table 1 figures 4(a,b) ). The simplified scheme describing these processes is plotted in figure 5(a) . This leads to an increase of the positive space charge in the sample. Due to the formed positive space charge, the electric field under the cathode increases. After that, the higher electric field depletes the holes from the volume near the cathode, which leads to a higher emission of captured holes from the deep level E 2 accompanied by an increase of its occupancy (see profiles after 1.9 sec and 4 sec in figure 4(b) and schemes in figure 5(b) ). This There is a good agreement in the regime with a positive voltage on the In contact.
The opposite regime (negative voltage on the In contact) shows a mismatch between experiment and simulation. It can be caused by a more complex character of the defect structure of the material extending beyond the simplified two-level model. However, we assume that these two deep levels are the main ones responsible for the undershoot in the electric field and of the current evolution. only E 1 E 1 and E 2 Figure 6 . The profiles of the electron µτ product based on simulations with and without the deep level E 2 .
Conclusions
We investigated the deep levels that influence the carrier transport and performance of detector-grade CZST using the I-V characteristics, Pockels effect and numerical simulations based on the Shockley-Read-Hall model. We determined the Schottky barrier height and the Fermi level position in the CZTS sample. These parameters
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describing the sample, supplemented with our previous results about deep levels in the material, were used in the simulation of the electric field and electrical current evolution over time. We achieved a very good agreement between the experimental and simulated data using a model with one deep recombination and one deep hole trap. The hole trap increases the mobility-lifetime product of electrons by decreasing the concentration of free holes and in this way increasing the electron occupancy of the deep recombination trap. We conclude that the deep levels in CZTS have a favourable structure for high electric-charge transport, which is critical for producing high-performance X-ray and gamma-ray detectors.
